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Polarized nuclei are a powerful tool in nuclear spin studies and in searches for beyond-the-standard
model physics. Noble-gas comagnetometer systems, which compare two nuclear species, have thus far
been limited by anomalous frequency variations of unknown origin. We studied the self-interactions
in a 3He-129Xe system by independently addressing, controlling and measuring the influence of
each component of the nuclear spin polarization. Our results directly rule out prior explanations
of the shifts, and demonstrate experimentally that they can be explained by species dependent
self-interactions. We also report the first gas phase frequency shift induced by 129Xe on 3He.
PACS numbers: 32.30.Dx, 06.30.Gv
Noble gas NMR techniques [1] find applications in
medical imaging [2, 3], atomic gyroscopes [4] and tests
of beyond the standard model physics [5–8]. The most
precise applications are often limited by hitherto un-
accounted for anomalous frequency variations. Under-
standing the physical origin of these variations directly
impacts the future of 3He-129Xe probes for Lorentz-
violation [9–11], the 129Xe electric dipole moment [12],
fifth forces [13], and direct-detection of axionic and
“Fuzzy” dark matter [14]. More generally, some types
of precision atomic gyroscopes [15], magnetometers [16]
and, possibly, quantum memory technologies [17] will
need to account for these effects.
Fully exploiting the sensitivity of these techniques re-
quires understanding the self-interactions of the gases, as
was made clear by a recent test of Lorentz violation us-
ing a cohabitating 3He-129Xe magnetometer [11]. That
work set a limit on preferred reference frames in the nu-
clear sector that remains the tightest by a factor of four.
The limit of 3.6 nHz on sidereal frequency variations was
extracted on top of µHz-level anomalous frequency vari-
ations. The explanation for these variations in terms of
self-interactions due to the transverse gas magnetization
was controversial [18, 19], and as demonstrated here, in-
correct. In this paper we present a new technique that
allows dynamic control of each component of the nuclear
magnetization and use it measure the self-interactions of
the 3He-129Xe system. Our results rule out transverse-
magnetization as the dominant source of the frequency
variations and show that self-interactions coupling to the
longitudinal magnetization can explain the observed vari-
ations.
A comagnetometer experiment corrects for the effects
of magnetic field variations by comparing the frequen-
cies or phases of two species, for instance by defining the
corrected frequency
ω˜k(t) = ωk(t)− ωm(t)γk/γm, (1)
where k and m label the two distinct spin species and
γk, γm are their gyromagnetic ratios. Searches for new
physics look for variations in ω˜(t) that correlate with an
experimental parameter.
Several recent experiments reported anomalous varia-
tions in ω˜(t) on time scales of several hundred seconds[10–
13, 20]. We observed similar variations in our apparatus,
Figure 1 shows a representative example.
0 1000 2000 3000 4000
time [s]
−50
0
50
100
co
rr
ec
te
d
fr
eq
.
[µ
H
z]
longitudinal shift
transverse shift
FIG. 1. The corrected frequency ω˜He(t)/2pi (Eq. 1, offset
subtracted) from our data, showing variations similar to those
previously reported. The dotted curve shows the largest shift
due to transverse magnetization that is consistent with the
results of this paper, showing that the previously proposed
explanation for the variations is excluded. Shifts proportional
to longitudinal magnetization, also measured here, match the
observed variations well (solid curve). See Summary and con-
clusions for details of the models.
To investigate the source of comagnetometer vari-
ations, we directly measured frequency shifts propor-
tional to the transverse-rotating (MT ∝ sin θs) and
longitudinal-static (ML ∝ cos θs) magnetizations of each
species. Here θs is the tip angle of the spins relative to the
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2background magnetic field. We characterize the shifts in
ωk in terms of coupling parameters ρ and λ:
ωTk =
∑
i=He,Xe
ρikM
T
i (2a) ω
L
k =
∑
i=He,Xe
λikM
L
i (2b)
which can produce time-dependent drifts in the corrected
frequency
ω˜Tk (t) = ρ˜
kMTk (0)e
−t/T∗2(k) − rkmρ˜mMTm(0)e−t/T
∗
2
(m)
(3)
ω˜Lk (t) = λ˜
kMLk (0)e
−t/Tk1 − rkmλ˜mMLm(0)e−t/T
m
1 (4)
as the gas magnetizations MT and ML decay with phe-
nomenological time-constants T ∗2 and T1. Here rkm =
γk/γm, λ˜
k = λkk − rkmλkm and ρ˜ k = ρkk − rkmρkm.
Our main findings are: (i) transverse frequency shifts
(Eq. 2a) cannot explain the variations we measured in
ω˜(t), contradicting several prior papers [10, 11, 13] (ii)
longitudinal frequency shifts (Eq. 2b) are the largest ef-
fect and λkk/γ
k 6= λkm/γm so, crucially, the longitudinal
shifts do not cancel in the comagnetometer and can pro-
duce slow frequency variations and (iii) the longitudinal
comagnetometer shift is due to resonant effects and direct
contact interactions between the noble-gas nuclei rather
than magnetic-gradient sampling effects.
Parametrizations, and theory of internal fields —
A key point of controversy [11, 18, 19, 21, 22] has been
the magnitude of the internal magnetic fields (Bint) in
a Rb-free 3He-129Xe cell. Inside a uniformly magnetized
sphere the field experienced by species k is entirely due to
contact interactions with species m. This gives Bint,m =
2µ0
3 κkmMk where κ parameterizes the overlap between
the spin-species [23]. This is a scalar interaction and
symmetric for k ↔ m. Since the 3He and 129Xe nuclei do
not directly overlap, κkm is zero to first-order for a
3He-
129Xe gas mixture. Contact interactions require higher-
order couplings through the electronic spins or a mediator
species [24]. Recently, a non-zero κHeXe was measured
in a 3He-129Xe comagnetometer with a cohabitating Rb
read-out [15].
Deviations from a spherical geometry produce long-
range dipolar fields that do not average to zero. We
parametrize these fields in terms of Bidip = µ0Γ
iM i where
Γi are dimensionless geometric factors.
Internal fields from the precessing nuclei can apply
Ramsey-Bloch-Siegert shifts to the other nuclei [10]. This
is the basis for previous explanations that claimed that
the transverse magnetization was the origin of the fre-
quency variations.
The relaxation-free Bloch equations dMk/dt =
γkMk×Bint taken together with Bint = Bidip = µ0ΓiM i,
show a resonant shift due to the longitudinal magnetiza-
tion (ML) in a non-spherical cell. Averaging over a Lar-
mor cycle, the transverse field becomes BTk = µ0Γ
TMTk ,
and the transverse magnetization precesses at
ωk = µ0γk
(
(ΓL − ΓT)MLk + ΓLMLm
)
(5)
relative to the frame rotating at γkB0, where B0 is the
external holding field. If the cell is not symmetric about
B0, the variations in Γ add harmonics to Eq. 5. The
ΓL terms are the net field produced by the longitudinal
gas polarizations, and cancel in ω˜. The ΓT term is an
additional shift that does not cancel in ω˜ as it arises
from the resonant torque produced by MTk on M
L
k .
Physically, the transverse internal field BTk is resonant
with MLk and rotates M
L
k into the transverse plane at
90◦ to the existing transverse magnetization MTk . This
causes the transverse magnetization of k to change ori-
entation. In contrast, MLm is not resonant with B
T
k and
experiences no such effect.
Contact interactions (which produce only heteronu-
clear shifts) and the resonant effects of Eq. 5 (which pro-
duce only homonuclear shifts) both affect the corrected
frequency. The combined effects are
ωk
µ0γk
= (ΓL − ΓT)MLk + (ΓL + 2κkm/3)MLm
ω˜k
µ0γk
= ΓT(MLm −MLk ) + 2(κkmMLm − κmkMLk )/3.
(6)
Independent control of the two species allows us to
separately measure each term in Eq. 6.
Apparatus and data reduction —
Figure 2 shows a diagram of the experiment at the
FRM-II in Munich.
FIG. 2. Diagram of our apparatus. The gas was polarized
outside the magnetically shielded room; the spin-precession
measurements took place inside the room, directly beneath
the SQUID magnetometer system. The lock-in/PC/function-
generator system allowed us to change the tip angles of the
magnetizations during a run.
We used two measurement cells: a sealed cell contain-
ing Rb and about 0.5 bar of 3He for single-species studies,
3and a valved cell filled with pre-polarized 3He-129Xe-N2
gas mixture at pressures ranging from 0.3 to 1.6 bars
for dual-species studies. The cells were made from 2 mm
thick GE-180 glass. The sealed cell was a blown sphere
with a 33 mm outer diameter (OD) bulb and a 27 mm
long by 6.2 mm OD pull-off stem. The valved cell was
a 24.8 mm long, 21.2 mm OD cylinder bonded to doped-
Si wafer end-caps. The valve sealed a small hole in the
center of one wafer.
Large 3He and 129Xe polarizations were generated by
spin-exchange optical pumping using the 794.8 nm D1
line of a Rb vapor [25, 26]. Polarizing the 3He took sev-
eral hours at 150◦C, while polarizing the 129Xe took 10
minutes at 110◦C due to its larger spin-exchange rate.
We then cooled the cell and adiabatically transported it
into the magnetically shielded room where the measure-
ment took place at 28◦C [27].
A 1.6 m diameter y-axis Helmholtz coil provided a
2.38µT holding field (B0). Resonant fields (B1) ap-
plied at 77.2 Hz and 28.0 Hz with a 1.5 m diameter x-axis
Helmholtz coil changed the precession tip angle of the
3He and 129Xe spins, respectively. A set of six SQUID
magnetometers directly above the measurement cell mon-
itored the precession of the MT components of the gases.
The SQUID system [28] (lent by PTB-Berlin) contained
two SQUIDs oriented along each axis.
Subtracting the signals from the two z-axis SQUID
magnetometers (separated by 12 cm) formed a gradiome-
ter signal Zgrad to suppress background magnetic field
fluctuations. The center of the measurement cell was
situated variously between 2.8 cm and 5.8 cm below the
lower SQUID.
Changing the tip angle of the precessing spins required
B1 pulses with a particular phase relative to the spins.
In order to control for phase drifts between the clock and
the spins we triggered the B1 pulses from the Z1 SQUID
output.
We recorded the SQUID output signals at a sampling
rate of 5 kHz using a 24-bit digitizer (D-TACQ), which
was stabilized by an atomic clock (SRS FS725). Af-
ter downsampling the data to 500 Hz, we divided it into
5 second sections and fitted each section n of Zgrad to
aHe sin(ωHet) + bHe cos(ωHet)
+ aXe sin(ωXet) + bXe cos(ωXet) + c1t+ c0 (7)
where the a, b, ω and c were free parameters.
arctan(aHe,Xe/bHe,Xe) = φ
n
He,Xe gave the instanta-
neous 3He and 129Xe phases φn at the start of section
m (time tn). The total phase accumulated at tn was
ΦnHe,Xe = φ
n
He,Xe + 2piN
n
He,Xe where NHe,Xe counts the
number of completed cycles.
To cancel magnetic field fluctuations we defined ad-
justed phases. For two species we used Φ˜k(t) = Φk −
rkmΦm. For single-species measurements we defined
Φ̂nk = Φk(t
n)− γkG
∫ tn
0
(By(t)−By(0))dt, with By mea-
sured by the y-axis SQUID magnetometers, which coin-
cided with B0. The scaling factor G was SQUID- and
geometry-dependent. Fits to Φ˜k(t
n) or Φ̂k(t
n) gave the
corrected frequencies and frequency variations.
Frequency shifts due to transverse magnetization —
The first explanations for the comagnetometer varia-
tions ascribed them to Ramsey-Bloch-Siegert shifts from
the transverse magnetization of each species on itself
[10, 11, 13]. Such effects are difficult to model, moti-
vating direct experimental study. An interaction of this
type would result in a net shift between the frequency
measured at low tip angle and at high tip angle. Using
the sealed cell, which could achieve very high 3He magne-
tizations, we applied phase-matched NMR pulses to move
the magnetization between four tip angles: low (10◦ and
190◦) and high (100◦ and 280◦), as shown in Figure 3 in-
set. Averaging pairs with opposite B0 projection cancels
effects due to longitudinal magnetization.
For every set of four tip angles we calculated the fre-
quency difference between the high and low tip angle
states and determined the transverse magnetization from
the amplitude of the precession signal. To cancel shifts
due to magnetic drift we reversed the tip angle sequence
every 120 seconds. As shown in Figure 3, we saw no
evidence that the 3He precession frequency depends on
the magnitude of the transverse magnetization. We con-
strain ρHeHe/2pi < 6.1 mHz/(A/m) at the 68% confidence
level.
10 30 100
amplitude [pT]
 300
 150
0
150
300
(f
L
ow
 
f H
ig
h
)
[µ
H
z]
(0.10 ± 0.12) µHz/pT
FIG. 3. Difference in 3He frequency at low (fLow) and high
(fHigh) tip angles θs as a function of field from the cell at the
SQUID. Each point combines measurements with opposite B0
projection. The increased scatter near 40 pT amplitude is due
to large magnetic field drifts during those measurements. The
slope is consistent with zero.
Frequency shifts due to longitudinal magnetization —
While measuring transverse shifts we observed and
canceled large longitudinal frequency shifts. To further
investigate the longitudinal shifts, we applied a B1 pro-
duced both transverse and longitudinal magnetizations.
A train of pi-pulses then flipped ML and any frequency
shifts associated with it.
Figure 4 shows the dependence of the longitudinal shift
on cell orientation for the sealed cell. The shift is propor-
4tional to (3A cos2 α−A), where α is the stem-to-B0 angle
and A is the shift amplitude, as is expected for a shift
generated by the 3He dipole in the stem. Based on ana-
lytical calculations using the measured cell geometry, we
estimated that the gas in the stem would produce a net
magnetic field of (45± 15) pT across the cell, dominated
by the field within the stem. The corresponding shift
from a static dipole would be Adipole = (1.5± 0.5) mHz.
The 3He dipole, however, also has a rotating component,
so the second term of Eq. 5 amplifies the frequency shift
by a factor of 3/2 and we predict Amodel = (2.25± 0.75)
mHz. The measured Aexpt. = (2.7±0.1) mHz agrees with
our geometric estimate of the resonant enhancement.
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FIG. 4. Change in 3He frequency on inverting the 3He mag-
netization, as a function of cell orientation. The curve is
(3 cos2 α− 1) · 2.7 mHz, with a 0.7 mHz offset, corresponding
to the angular dependence of the average field in the cell pro-
duced by a 3He dipole (M) at the stem. The offset is likely
due to α-symmetric asphericities, such as oblateness of the
sphere.
Longitudinal shifts do not cancel in the corrected fre-
quency, as shown in Figure 5, so the decay of MLm causes
time variations in ω˜(t). We experimentally measured
λ˜He = (750 ± 60) mHz/(A/m) for our system, and iso-
lated the physical mechanisms responsible for the finite
λ˜.
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FIG. 5. Change in the absolute (ωHe) and corrected (ω˜He)
3He
frequencies when the longitudinal magnetizations of 129Xe
and 3He are inverted (blue diamonds and red squares). Mea-
surements taken in the valved cell, some errors are hidden by
the symbols. The slope of the lines measures the shifts in the
ratios of interest, with 1-σ error (shaded) from the covariance
of the fit to a line. If the comagnetometer correction canceled
frequency shifts from longitudinal magnetization (Eq. 2b) the
lines would be horizontal.
To investigate whether magnetic field gradients ex-
plained the non-zero λ˜[29], we used a small coil that mim-
icked the gradients of the cell. For a given change in the
Helium frequency, the corrected frequency shift produced
by the coil is 100 times smaller than the shift produced
by the nuclear-spin polarization.
To separately measure all of the geometric and con-
tact interactions in Eq. 6, we used each species as both
source and probe of the longitudinal shifts, and changed
the geometric effect by changing the cell orientation. We
analyzed in terms of ∆(m)Rk = ∆(m)(ω˜k/ωk), the change
in the frequency ratio of species k when the longitudinal
polarization of species m is inverted. This ratio is insen-
sitive to changes in polarization and tip angle. Doing this
for all four combinations of k and m and at cylinder-axis-
to-B0 angles α = 0
◦ and 90◦ gave us eight measurements
with different sensitivities to κ and Γ.
Table I lists the measured shifts in ∆(m)Rk, and the
κ values extracted from them. The data set consisted of
six separate cell fillings at different pressures, with 16780
s of data and 130 shift measurements at α = 0◦ and
8660 s of data and 58 shift measurements at α = 90◦.
To extract κ from our data we used Eq. 6 along with
the geometric relations of a dipole: ΓT = −ΓL/2, and
ΓL(90◦) = −ΓL(0◦)/2, as a function of cell orientation α.
The uncorrected homonuclear shifts, combined with the
measured amplitudes, magnetometer-cell distance and
flip-angles gave ΓL(0◦) = 0.046± 0.004.
We measured κHeXe = −0.0094 ± 0.0004, while Limes
et al. recently measured κHeXe = −0.011 ± 0.001 [15].
A first-principles electronic-structure calculation, per-
formed following these initial reports of gas-phase inter-
actions between nuclear spins, suggests that the discrep-
ancy is explained by the temperature dependence of the
interaction [30]. Our data also gives the first measure-
ment of the shift induced by 129Xe on 3He: κXeHe =
−0.0072 ± 0.0008. The comparable sizes of κHeXe and
κXeHe supports the scalar interaction picture for the fre-
quency shifts.
Our measurements of the internal fields also constrain
heteronuclear transverse shifts. With typical values in
our comagnetometer system MT = 8·10−4A/m, κ ∼ Γ ≈
−0.01 and ∆ = (ωHe − ωXe)/2pi ∼ 50Hz, Ramsey-Bloch-
Siegert shifts across species would be (γBint)
2/2∆ ∼
4 × 10−10 Hz, far below the µHz variations reported in
ω˜(t) (Figure 1 and Refs. [11, 19]).
Summary and conclusions
Figure 1 compares our measured ω˜(t) with the maxi-
mum possible transverse shift consistent with our mea-
surement ρHeHe < 6.1 mHz/(A/m), taking T
∗
2 and M
T
from the precession signal, and showing that transverse
shifts are inconsistent with the observed drifts. The
longitudinal shifts predicted by our measurements of
λ˜He = 750mHz/(A/m) are also shown, assuming typi-
cal values for our system of TXe1 = 3500s, T
He
1 = 5250s
and θs = 89
◦; the model matches the data well for a wide
5range of T1.
Ruling out the previously published explanations for
the drifts [10, 11, 13, 19] required a much better mea-
surement of transverse shifts than have been performed
for longitudinal shifts: with θs ≈ 90◦, transverse shifts
are significantly enhanced relative to longitudinal shifts.
Still, we suggest that the ω˜(t) variation does in fact come
from longitudinal shifts which do not cancel in the cor-
rected frequency and which decay over the run. We di-
rectly measured the magnitude of such a shift, showed it
is large enough to explain the drifts and showed it largely
involves two mechanisms: a resonant effect that rotates
the longitudinal magnetization into the transverse plane
and a direct 3He -129Xe scalar interaction.
These undesirable variations in 3He-129Xe comagne-
tometers could be reduced by minimizing residual ML
and choosing cell geometries where the geometric and
scalar internal shifts cancel [15], giving 3He -129Xe co-
magnetometers a chance to live up to their potential.
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BLint(α) = µ0M
LΓ0(3 cos
2 α − 1) and measured to be Γ0 = 0.023 ± 0.002 from the absolute magnitudes of the homonuclear
shifts. Measured value is the value of ∆(m)Rk from our full data set. Extracted κ is the κ consistent with ∆(m)Rk assuming
the model. Fills is the number of separate cell fillings of different pressures that contributed to the measured value, and Shifts
is the number of independent measurements of the ∆(m)Rk that we made by flipping MLm.
Ratio α Model Measured value Extracted κ Fills Shifts
∆(He)RHe 0◦ (3Γ0 − 2κXeHe)/9Γ0 0.411±0.008 κXeHe = -0.0080±0.0038 4 34
∆(Xe)RHe 0◦ (2κHeXe − 3Γ0)/(2κHeXe + 6Γ0) -0.639±0.030 κHeXe = -0.0059±0.0009 3 31
∆(Xe)RXe 0◦ (3Γ0 − 2κHeXe)/9Γ0 0.369±0.020 κHeXe = -0.0036±0.0039 3 31
∆(He)RXe 0◦ (2κXeHe − 3Γ0)/(2κXeHe + 6Γ0) -0.687±0.021 κXeHe = -0.0077±0.0008 4 34
∆(He)RHe 90◦ (1.5Γ0 + 2κXeHe)/4.5Γ0 0.140±0.005 κXeHe = -0.0010±0.0006 2 15
∆(Xe)RHe 90◦ (2κHeXe + 1.5Γ0)/(2κHeXe − 3Γ0) -0.143±0.056 κHeXe = -0.0108±0.0018 2 14
∆(Xe)RXe 90◦ (1.5Γ0 + 2κHeXe)/4.5Γ0 0.132±0.046 κHeXe = -0.0104±0.0022 2 14
∆(He)RXe 90◦ (2κXeHe + 1.5Γ0)/(2κXeHe − 3Γ0) -0.157±0.008 κXeHe = -0.0102±0.0009 2 15
